Introduction {#sec1}
============

Patellar tendon (PT) injuries have a high incidence due to mechanical loading to which the tendon is exposed during physical activity.[@bib1] It is reported in recent studies that tendon injury incidence is higher in females[@bib2], [@bib3] obese individuals[@bib4], [@bib5] and individuals with muscle weakness.[@bib6] The reason behind higher tendon injury incidence in females, individuals with increased body mass and muscle weakness might be anatomical and biomechanical changes in mechanical structure of tendons such as tendon stiffness/elasticity and thickness. Tendon has a viscoelastic structure and is deformed in a nonlinear manner depending on the character of the loading. The amount of this deformation varies depending on tendon stiffness and amount of loading. Decrease in tendon stiffness may lead to an increase in deformation due to forces imposed. This might be a potential cause of tendon injuries by leading to increased tension in tendon with decreased stiffness.[@bib7], [@bib8] In addition, mechanical changes in tendon influence the time required for perceiving the amount of power generated by the muscle and changes in muscle length, thus may influence the time of muscle response (electromechanical delay) to applied force.[@bib9], [@bib10] Electromechanical delay is considered to be an important risk factor for musculoskeletal injuries.[@bib11], [@bib12]

Ultrasonography (US) is a non-invasive and radiation-free imaging technique used for a long time in musculoskeletal diseases and disorders. The technique allows rapid dynamic assessment of musculoskeletal system. US has a number of limitations besides its important advantages. Degenerative and morphological changes in muscle and tendon can be observed with US mostly in advancing period of the disease, but not in early period of the disease.[@bib13], [@bib14] Additionally, biomechanical tissue properties of tendons cannot be assessed by gray-scale US.[@bib15] Shear wave elastography (SWE), as an emerging US-based imaging technique reveals information about stiffness of healthy and abnormal tissues. Shear waves are vibration waves generated from the biological tissues in response to exposed acoustic waves at US examination. By using SWE method mechanical properties of tissues such as stiffness can be assessed by measuring the velocity of shear waves in tissues.[@bib15], [@bib16] Unlike gray-scale US, the changes within tissue can be realized in early period of the disease in SWE since this technique enables physicians to detect abnormalities in terms of alterations in shear wave velocity values and healthy tissues can be distinguished from pathological tissues by using SWE method.[@bib17]

Studies concerning the effect of gender in mechanical properties of tendons such as tendon stiffness and thickness in the literature seem to show different results.[@bib18], [@bib19], [@bib20], [@bib21], [@bib22], [@bib23] The number of studies which investigate the relation between mechanical properties and muscle strength seems to be limited[@bib21], [@bib24] and it is seen that there are no studies which investigate the relation between obesity and tendon stiffness. Therefore, the purpose of the present study was to examine the mechanical properties of the PT in healthy sedentary individuals by SWE. We hypothesized that (1) PT stiffness and thickness will be the higher in males compared to females, (2) overweight and obese individuals have higher PT stiffness and thickness (3) PT stiffness and thickness will correlate with quadriceps femoris (QF) muscle strength.

Materials and methods {#sec2}
=====================

Individuals {#sec2.1}
-----------

This prospective study was conducted from October 2015 to January 2016 and carried out with 67 (36 female, 31 male) healthy sedentary individuals between the ages of 18--44 (28.0 ± 7.5 years). Sedentary individuals, who are not interested in any sports branch and do not have regular exercises for at least 6 months prior to the study.[@bib25] The exclusion criteria were as follows: (a) individuals who engaged in intense physical activity or consumed alcohol in the last 48 h, (b) individuals who had lower extremity surgery or major trauma story, (c) individuals with orthopedic knee injuries such as tendinopathy, bursitis, ligament and meniscus injuries, (d) individuals with neurological or cardiopulmonary diseases and individuals with rheumatic diseases such as osteoarthritis, gout, rheumatoid arthritis. Required permission was obtained from the Non-Invasive Clinical Research Ethics Board of Faculty of Medicine, Hacettepe University with decision dated 21 October 2015 and numbered GO 15/667-20. Participants of the study provided oral and written consent before involvement.

QF muscle strength, PT thickness and PT stiffness were measured at the dominant leg. The leg of dominance was determined by asking the subject to kick a ball.[@bib26]

Body composition analysis {#sec2.2}
-------------------------

Height was measured to the nearest 0.1 cm with a portable stadiometer with subjects standing in bare feet. Body mass and body fat percentage were measured with the Bioelectrical Impedance method, reported to be valid and reliable, using Tanita BC-418 MA Segmental Body Composition Analyser (Tanita Corporation, Tokyo, Japan).[@bib27] Measurements were performed with light indoor clothing and in bare feet. Participants were subsequently categorized into 'normal-weight' (18.5 \< BMI \< 25 kg/m^2^) and 'overweight and obese' (BMI \> 25 kg/m^2^).[@bib28]

Ultrasound examination {#sec2.3}
----------------------

Gray scale ultrasonography (US) and ultrasound elastography of the PT were performed with the ACUSON S3000 (Siemens Medical Solution, Mountain View, CA, USA) device using Siemens 9L4 (4--9 MHz) linear-array ultrasound probe. Assessments were performed with individuals in supine position and at 30° knee flexion. Prior to testing the subject was allowed to have 5 min rest in this position, to ensure the elastic modulus of the PT was evaluated at resting status. The room temperature was controlled at 25 °C.

Measurements of PT thickness were performed with determination of the distance between most superficial and deep aspects of PT at the inferior pole of patella ([Fig. 1](#fig1){ref-type="fig"}). PT stiffness was measured with the Virtual Touch Imaging Quantification^®^ method (Siemens Medical Solution, Mountain View, CA, USA). The measurement was performed by placing the US probe longitudinally on PT with knee flexed at 30°. The transducer was stationed on the skin, with a light pressure on top of a generous amount of coupling gel, perpendicularly on the skin\'s surface. The region between about 1 cm distal of patellar bone--tendon junction and 1 cm proximal of bone--tendon junction of tibia was used for PT stiffness measurement ([Fig. 2](#fig2){ref-type="fig"}). PT stiffness was determined with measuring velocity of shear waves in PTs on US elastography. PT thickness and stiffness were calculated by taking the average of three successive measurements performed at intervals of at least 10 s. PT thickness and stiffness were evaluated with MATLAB Version 2015 (Mathworks, Massachusetts, USA).Fig. 1Measurements of PT thickness were performed with determination of the distance between most superficial and deep aspects of PT at the inferior pole of patella.Fig. 1Fig. 2The region between about 1 cm distal of patellar bone--tendon junction and 1 cm proximal of bone--tendon junction of tibia was used for PT stiffness measurement. A: 2D ultrasound image of the examined area, B: Shear elastic modulus of the PT was quantified by the elastography. The measurement was performed in the area between regions specified with black.Fig. 2

Isokinetic muscle strength measurement {#sec2.4}
--------------------------------------

Isokinetic muscle strength of individuals was evaluated with Biodex System 4^®^ (Biodex Corp, Shirley, NY). QF maximal concentric isokinetic muscle strength was measured with 5 repetitions at a speed of 60°/sec, reported to be valid and reliable on healthy sedentary individuals.[@bib29] The individuals were asked to sit on the backrest of the dynamometer with their thighs at 90° and the femur was fixed with a belt. In order to prevent force propagation from upper extremity and trunk, these were fixed to the backrest of the dynamometer with a belt. The dynamometer lever of the device was adjusted to lateral femoral condyle and the strap at the distal end of the lever arm of the dynamometer was tied to lower leg over the malleolus.

Statistical analysis {#sec2.5}
--------------------

Statistical analyses were performed using SPSS software version 18. The variables were investigated using visual (histograms, probability plots) and analytical methods (Kolmogorov--Smirnov/Shapiro--Wilk\'s test) to determine whether or not they are normally distributed. Descriptive analyses were presented using means and standard deviations for normally distributed variables. Since peak tork at 60°/sec, PT stiffness and thickness values were normally distributed; the Student\'s t-test used to compare these parameters between the gender and BMI (normal/overweight and obese) groups. Correlation coefficients for relations between parameters and statistical significance were calculated using the Pearson test. A p-value of less than 0.05 was considered to show a statistically significant result.

Results {#sec3}
=======

The intra class correlation coefficient of 3 measurements was high for PT stiffness (ICC = 0.947--0.966) and PT thickness (ICC = 0.934--0.956). The average height, body mass, BMI, PT stiffness, PT thickness, and peak tork at 60°/sec were, 1.69 ± 0.09 m, 72.1 ± 15.1 kg, 25.2 ± 4.6, 8.0 ± 1.3 m/sec, 0.39 ± 0.07 mm, 158.7 ± 48.4 Nm respectively.

It was found that female and male individuals included in the study were similar in terms of age, BMI and PT thickness (p\>0.05). Males were found to have a higher PT stiffness and peak torque at 60°/sec angular speed compared to females (p \< *0.001*) ([Table 1](#tbl1){ref-type="table"}).Table 1Results of statistical analysis on the individuals divided into 2 groups according to gender.Table 1Male (n = 31)Female (n = 36)*p*Mean ± SDMean ± SDAge (years)26.3 ± 6.429.5 ± 8.20.182Height (m)1.76 ± 0.071.62 ± 0.06\<**0.001\***Body mass (kg)79.2 ± 13.866.1 ± 13.7\<**0.001\***BMI (kg/m^2^)25.4 ± 4.625.0 ± 4.70.739Body fat percentage (%)19.2 ± 6.330.3 ± 8.0\<**0.001\***PT thickness (cm)0.41 ± 0.080.38 ± 0.060.080PT stiffness (m/sec)8.7 ± 1.07.4 ± 1.2\<**0.001\***Peak tork at 60°/sec (Nm)199.9 ± 37.9123.2 ± 19.7\<**0.001\***[^1]

The individuals included in the study were divided into 2 groups according to BMI and it was found that both groups were similar in terms of age and height (p\>0.05). The obese individuals had lower PT stiffness and higher PT thickness and peak torque at 60°/sec angular speed compared to the individuals with normal weight (p \< 0.05) ([Table 2](#tbl2){ref-type="table"}).Table 2Results of statistical analysis on the individuals divided into 2 groups according to BMI.Table 2Normal (n = 37)Obese (n = 30)*p*Mean ± SDMean ± SDAge (years)27.2 ± 6.929.9 ± 8.30.358Height (m)1.69 ± 0.101.69 ± 0.080.998Body mass (kg)62.1 ± 9.284.5 ± 11.4**0.001\***BMI (kg/m^2^)21.6 ± 1.829.5 ± 3.0\<**0.001\***Body fat percentage (%)20.5 ± 6.231.1 ± 8.8\<**0.001\***PT thickness (cm)0.36 ± 0.050.44 ± 0.06\<**0.001\***PT stiffness (m/sec)8.3 ± 1.17.6 ± 1.4**0.017\***Peak tork at 60°/sec (Nm)147.5 ± 44.5172.4 ± 50.2**0.035\***[^2]

The correlation analysis revealed that BMI had a moderate correlation with PT thickness (r = 0.54, p \< *0.001*) and a low correlation with peak torque at 60°/sec angular speed (r = 0.28, p = 0.021). A negative and weak correlation was found between BMI and PT stiffness (r = −0.26, p = 0.032), whereas a negative and moderate correlation was found between fat percentage and PT stiffness (r = −0.50, p \< *0.001*). It was found that peak torque had a moderate correlation with PT stiffness (r = 0.44, p \< *0.001*) and PT thickness (r = 0.45, p \< *0.001*) at 60°/sec angular speed ([Fig. 3](#fig3){ref-type="fig"}).Fig. 3Scatter plots of the correlation analyses.Fig. 3

Discussion {#sec4}
==========

This study was conducted in order to investigate the effect and correlation of gender, body mass and QF muscle strength on PT stiffness and thickness. First, it was hypothesized that PT stiffness would be higher in males compared to females individuals because of higher body mass and muscle strength in male. In line with the hypothesis, the results revealed that PT stiffness was higher in males compared to in females individuals. The fact that females have a lower tendon stiffness compared to males has been confirmed by previous studies in the literature.[@bib18], [@bib19], [@bib20] However, studies reporting that there is no statistically significant difference between females and males in terms of tendon stiffness are available in the literature as well.[@bib21], [@bib22], [@bib23] The possible explanation of higher PT stiffness in males might be due to increased mechanical load because body mass and muscle strength is higher in males. İt is known that increased mechanic load cause to increase synthesis collagen.[@bib30], [@bib31] There is a positive correlation between collagen content of tendon and tendon stiffness.[@bib30], [@bib31], [@bib32] Another possible explanation of lower tendon stiffness in females might be hormonal differences between genders. The importance of estrogen for homeostasis of many musculoskeletal tissues has been shown by several studies.[@bib33], [@bib34], [@bib35], [@bib36], [@bib37] Sensitive estrogen receptors in tendon[@bib2], [@bib34], [@bib35] are influenced by estrogen and/or progesterone levels, which leads to a decrease in estradiol level and collagen synthesis.[@bib10], [@bib36], [@bib37] Another hypothesis of this study is that PT thickness is higher in males compared to females. Although mean PT thickness is higher in males compare to females, it was not statistically significant. Yoo at al.[@bib38] reported that males had a thicker PT compared to females. Onambélé at al.[@bib18] found that PT thickness is higher in males compared to females. The non-significant p-values near p = 0.05 (i.e. p = ∼0.080) might be arise from relatively low number of cases.

It was hypothesized that PT stiffness would be higher in overweight and obese because of increased mechanical load. However, the results revealed that PT stiffness was lower in overweight and obese compared to normal individuals. In addition our findings show that body fat percentage is more effective PT stiffness compared to BMI. The possible explanation of lower tendon stiffness in overweight and obese might be metabolic effects due to increased adipose tissue. Adipose tissue contains proteins such as adipokines that regulates the production of metalloproteinases, prostanoids and cytokines. The constant increase in serum levels of cytokines in obese individuals is considered to be the indication of a chronic and low level of inflammation. This condition may act as a prolonged disruptor of tendon homeostasis.[@bib39], [@bib40] In addition, increased adipose tissue was shown to be accompanied with decreased content of type I and III collagen resulting in devastating effect on tendon healing.[@bib40], [@bib41] Disruption of tendon homeostasis and decreased collagen content may lead to an decrease in tendon stiffness.[@bib30], [@bib31], [@bib32] This finding suggest that metabolic effects due to increased adipose tissue is more dominant than increased mechanical loading due to body mass on PT stiffness in overweight and obese. This might also be another reason behind the lower PT stiffness of females compared to males. Another finding of this study is that females have a higher body fat percentage compared to males.

In line with the hypothesis, another finding of this study reveals that PT stiffness is associated with QF concentric isokinetic muscle strength. Similar to our findings, Morrison et al reported a correlation between PT stiffness and muscle strength.[@bib21] Similarly, Muraoka et al showed that muscle strength was associated with Achilles tendon stiffness.[@bib24] Tendon mechanical properties might also influence force output and function. In addition, a stiffer tendon might influence force generation especially in early phases of muscle contraction by increasing amount and velocity of muscle shortening.[@bib20] Moreover, tendon stiffness also alters the joint moment-angle and moment-velocity properties.[@bib42] In this study, similar results to the literature suggest that PT stiffness might be change QF function and force output.

In this study, an increase in PT thickness was expected with an increase in QF muscle strength and BMI. In line with this hypothesis, another finding of the study revealed that increased muscle strength and BMI is associated with tendon thickness, which is consistent with findings in the literature. Abate et al[@bib43] reported that obese individuals had a thicker Achilles tendon compared to individuals with normal weight. Similarly, Wearing et al[@bib44] reported that the thickness of Achilles tendon increased 12% in asymptomatic obese individuals compared to individuals with normal weight. Seynnes et al[@bib45] reported that there was a correlation between QF muscle strength and PT thickness in healthy individuals. Kongsgaard et al[@bib46] reported that an increase in QF muscle strength led to an increase in PT thickness and cross section area. The most important reason behind increased tendon thickness might be increased mechanical loadings on tendon due to increased body mass and muscle strength. It is known that mechanical loading is essential for tendon homeostasis to continue. If increased mechanical loading continues, anabolism becomes dominant over catabolism and increase cross sectional area and tendon thickness by forming new extracellular matrix and collagen fibers.[@bib19], [@bib30] Even though tendons with higher thickness have the same stiffness with tendons with smaller thickness, higher thickness tendon elongate less (when the same force is applied).[@bib30], [@bib31] Increase in tendon thickness was considered to be a compensatory mechanism toward reducing increased mechanical loadings on tendon and tendon deformation due to increased body mass and/or muscle strength.

Our study had limitations. First, age group of individuals in our study do not correspond to children and older age groups. The results of our study cannot be adapted to such age groups. Second, in this study, individuals who have not been exercising regularly and are not interested in any sports branch for the last six months were accepted as sedentary group. Individuals\' amount of daily activity was not examined; however, it might be another factor affecting their PT mechanic properties. Finally, the present study investigated the relationship between QF concentric muscle strength and PT mechanical properties. If isometric and eccentric muscle strength of QF had been measured, this relationship could have been revealed with its different aspects.

In conclusion, we found that PT stiffness was lower in females compared to males in this study but similar PT thickness in males and females. Overweight and obese individuals manifested with decreased PT stiffness and increased PT thickness compared to normal individuals. Moreover, QF muscle strength was positively correlated with PT stiffness and thickness.
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[^1]: \*Statistical significance.

[^2]: \*Statistical significance.
